Many scenarios of new physics predict the existence of neutrino Non-Standard Interactions, new vector contact interactions between neutrinos and first generation fermions beyond the Standard Model. We obtain model-independent constraints on the Standard Model Effective Field Theory at high energies from bounds on neutrino non-standard interactions derived at low energies. Our analysis explores a large set of new physics scenarios and includes full one-loop running effects below and above the electroweak scale. Our results show that neutrino non-standard interactions already push the scale of new physics beyond the TeV. We also conclude that bounds derived by other experimental probes, in particular by low-energy precision measurements and by charged lepton flavor violation searches, are generally more stringent. Our study constitutes a first step towards the systematization of phenomenological analyses to evaluate the impact of neutrino Non-Standard Interactions for new physics scenarios at high energies.
Introduction
The Standard Model (SM) provides a successful description of a vast amount of particle physics phenomena. This includes many predictions at high-energy colliders, with the recent discovery of the Higgs boson as the latest example, as well as an astonishing agreement with a long list of precision measurements performed at low-energy experiments. However, despite its success, there are several well-known problems the SM cannot address. Among them, the existence of non-zero neutrino masses is arguably the most robust one. After the discovery of neutrino flavor oscillations, it has become clear that the leptonic sector of the SM must be extended with some additional states responsible for the generation of neutrino masses. Even though the underlying physics is not known, this fact has been completely established due to the high precision achieved in the determination of the neutrino oscillation parameters [1] .
Many neutrino mass models have been proposed over the years. In most scenarios, the new Beyond the Standard Model (BSM) degrees of freedom have masses well above the electroweak scale, making them unreachable to current colliders. In this case, one is allowed to use Effective Field Theory (EFT) techniques, integrate out the heavy states and describe their impact at low energies by means of a collection of effective operators with canonical dimension larger than four. Following this procedure, in addition to the well-known dimension-5 Weinberg operator that induces Majorana neutrinos, one usually obtains other non-renormalizable operators with potentially observable effects in low-energy experiments.
In this work, we use bounds on the so-called neutrino Non-Standard Interactions (NSI) [2] [3] [4] [5] [6] derived at low-energy experiments to set constraints valid at high energies. In order to do that, we make use of the Standard Model Effective Field Theory (SMEFT) [7, 8] and the Low-Energy Effective Field Theory (LEFT) [9] , two well-known EFTs valid at energies above or below the electroweak scale, respectively. The link between neutrino NSI and well-established EFTs, such as the LEFT and the SMEFT, allows one to study the phenomenology of a wide class of New Physics (NP) scenarios in a model-independent way and easily confront results coming from a large diversity of experiments. In fact, this approach has been adopted in many recent works, deriving bounds from low-energy scattering [10] or reactor [11] experiments, or studying the interplay with searches for lepton flavor violating processes [12] . Lepton number violating NSI have been considered in the context of the SMEFT in [13] , whereas a remarkable effort to provide a consistent EFT description of NSI has been made in [11, 14] . The generalization of neutrino NSI including scalar or tensor couplings, the so-called Neutrino Generalized Interactions (NGI) [15, 16] , have also been discussed using an EFT language in [17] .
Embedding NSI (or NGI) into EFTs as well established as the SMEFT and the LEFT provides a robust theoretical background and creates a direct link to other phenomenological directions. Among other advantages of this approach, one can easily compare the bounds obtained from neutrino NSI to bounds derived by other experimental probes. Here we will be interested in low-energy precision measurements and charged lepton flavor violation. We will systematically study a substantial region of the SMEFT parameter space with the help of DsixTools [18, 19] , a Mathematica package for the Renormalization Group Equations (RGE) running and matching in the SMEFT and the LEFT. This tool allows us to include full one-loop running effects (in the SMEFT and in the LEFT) in our numerical analysis. As a result of this, we will obtain robust numerical results and assess the relevance of RGE running for the NP scenarios considered in our study.
The rest of the manuscript is structured as follows. In Sec. 2 we review the formalism and current experimental bounds on neutrino NSI. Sec. 3 introduces the SMEFT and the LEFT, the two EFTs considered in our analysis, while Sec. 4 shows how these theories can be used in connection to neutrino NSI. Finally, we present our results in Sec. 5 and conclude in Sec. 6. Additional definitions are given in Appendix A.
Neutrino non-standard interactions
As commented in the introduction, new neutrino vector interactions beyond the Standard Model can arise from neutrino mass models and other BSM theories. In the low energy regime, neutrino NSI with matter fields can be formulated in terms of an effective fourfermion Lagrangian as follows
and
where f f L,R pr and f L,R pr are dimensionless coefficients that quantify the strength of the NSI between neutrinos of flavor p and r and the matter field f, f = u, d with f = f for the case of charged current (CC)-NSI and f = e, u, d for neutral current (NC)-NSI.
Neutrino NSI can affect experiments at the neutrino production via CC-NSI, changing the flavor distribution of the initial neutrino flux, and detection via both CC and NC NSI, depending on the detection technique of the experiment. Besides, neutrino NC-NSI can affect their propagation through matter as well, modifying the effective matter potential felt by neutrinos. In this work, we will concentrate on NC-NSI. 1 The potential signal of NSI on neutrino experiments has been analyzed in detail in the literature recently [6, 23, 24] . The impact of this signal on the extraction of neutrino oscillation parameters from experimental data has also been extensively discussed; see, for instance Refs. [25] [26] [27] [28] [29] . However, since no signal of NSI has been experimentally reported yet, at the moment we only have upper bounds on their magnitude. These limits come from a variety of neutrino experiments, from oscillation experiments using solar, atmospheric, reactor or accelerator neutrino sources, to laboratory experiments measuring neutrino-electron and (coherent) neutrino-nucleus scattering. The size of the constraints on the NSI couplings depends on the neutrino flavors implied in the process, the most stringent one corresponding to the d µτ coupling, bounded to be below 1% (at 90% C.L.) by the neutrino telescope IceCube [30] .
From the point of view of particle physics models, NSI are mainly thought to come from interactions of an ultraviolet (UV) complete theory mediated by a heavy particle X of mass m X m EW . Other alternative approaches to generate these new interactions have also been proposed. In particular, a possible explanation is to take the mass of the mediator particle much below the electroweak scale, m X m EW [31] [32] [33] . This choice can avoid the strong bounds coming from charged lepton processes, allowing the prediction of larger sizes of the NSI couplings, accessible to current or near future experiments. In any case, here we will focus on the first possibility, where the EFT approach applies.
For completeness, we would like to comment on the possibility of neutrino scalar and tensor four-fermion interactions, considered lately in the literature [15] [16] [17] 34] . Note, however, that these NGI involve right-handed neutrinos and, therefore, they are not relevant to our study since, as we will discuss in the following section, our EFT analysis does not involve new particles.
EFTs
The SM of particle physics successfully describes a wide range of phenomena. However, it still leaves some questions unanswered, including the identity of the particle(s) accounting for dark matter or how neutrino masses are generated. For this reason, it is common to think of the SM as an effective theory valid up to a certain high-energy scale Λ UV , at which some unknown NP degrees of freedom would lie. The gauge group of a field theory valid above the electroweak scale should contain the SM gauge group and full particle content and, at energies below Λ UV , reduce to the SM. Generally, in most theories beyond the SM, this reduction occurs via decoupling of heavy particles with masses of order Λ UV or larger. This leads to the appearance of higher dimensional operators in the SM Lagrangian suppressed by powers of Λ UV . The EFT built with all the operators that respect the SM gauge group with dimension d ≥ 5 is the Standard Model Effective Field Theory (SMEFT). The SMEFT Lagrangian is given by
with
where L SM is the SM Lagrangian, Q the corresponding Wilson coefficients (WCs). We note that the C
WCs have been defined as dimensionless quantities by making explicit the suppression by the high-energy scale Λ UV . The full set of SMEFT operators up to dimension six was given in [8] , defining the so-called Warsaw basis. Finally, the complete one-loop anomalous dimension matrix for the dimension-six operators in this basis was obtained in [35] [36] [37] [38] . This describes the energy evolution of the Wilson coefficients as
where µ is the renormalization scale and γ S the anomalous dimension matrix for the operators of the SMEFT. Among all the operators of the SMEFT, we list here the most relevant operators for the study of neutrino NSI (p, r, s, t are flavor indices):
where and q are the SM lepton and quark doublets, and e, u and d the singlets.
Neutrino experiments mainly deal with energies way below the electroweak scale. Therefore, a new effective theory is needed to describe low-energy processes. This EFT can be derived from the SM by integrating out the massive electroweak gauge bosons (W ± , Z), the Higgs boson and the chiral top quark fermion fields (t L and t R ). The gauge group of this Low-Energy Effective Field Theory (LEFT) is SU(3) C × U(1) Q , i.e. the symmetry of QCD and QED. The LEFT Lagrangian reads
The first term contains the QCD gauge interaction for 2 families of up quarks and 3 of down quarks, the QED gauge interaction for these quarks and the three charged lepton families, and their Dirac mass terms,
where r, s are flavor indices and
We note that the three lefthanded neutrinos are gauge singlets with no Dirac mass term. The second term in Eq. (6) consists of ∆L = ±2 Majorana mass terms for the left-handed neutrinos,
Here M T ν = M ν is the symmetric Majorana mass matrix. In the case of 3 flavors of neutrinos, there will be 6 different ∆L = 2 operators and 6 conjugate ∆L = −2 operators. Finally, the last piece contains operators of dimension five or higher
where O WCs have been defined as dimensionless quantities by introducing an explicit suppression by
where v is the Higgs vacuum expectation value that sets the electroweak scale. The full set of LEFT operators up to dimension-6 and their tree-level matching relations with the SMEFT operators can be found in [9] . 2 We will stick to this basis of operators, referred to as the San Diego basis. The complete one-loop anomalous dimension matrix for this basis of LEFT operators, γ L , was derived in [40] , such that
describes the evolution of the L i WCs with the renormalization scale µ. We now list some LEFT operators of relevance for the study of neutrino NC NSI:
where ν L , e L/R , u L/R and d L/R are the chiral left/right-handed neutrino, charged lepton, up quark and down quark fields.
The electroweak scale sets the limit between the SMEFT and the LEFT and determines the energy scale at which these two theories must be matched by integrating out the W and Z gauge bosons, the Higgs boson and the top quark. When doing so, one must take into account the breaking of the electroweak symmetry, therefore matching the SMEFT in the broken phase with the LEFT. 3 An obvious feature arising from this matching will be the breaking of the SU(2) L doublets, originating several LEFT operators from a single SMEFT operator. For example, from the SMEFT operator Q , the LEFT operators O V,LL νe , O V,LL ee and O V,LL νν will emerge. Furthermore, the LEFT operators will receive several contributions. In addition to those originated from the dimension-6 SMEFT operators, pure SM contributions exist as well. For instance, the matching relation for the O V,LL νν LEFT operator is
where p, r, s, t are flavor indices. The first term constitutes the contribution of the SMEFT operator Q , whereas the last two terms correspond to two contributions to the O V,LL νν LEFT operator obtained by Z boson exchange. [Z ν ] is the Z coupling to a pair of neutrinos which, in addition to the pure SM coupling, contains contributions from the SMEFT operators Q H . Finally,ḡ Z is an effective coupling containing the contribution of dimension-6 Higgs-gauge-boson operators X 2 H 2 . Eq. (11) assumes the SMEFT WCs to be given in the fermion Up basis, defined by diagonal up-quark and charged lepton Yukawa matrices, since this basis allows one to identify the top quark, one of the fields integrated out at this stage. We will adopt this implicit assumption in all the matching relations given in this paper and omit the unitary matrices that transform to the Up basis in order to simplify the resulting expressions. The full set of SMEFT-LEFT tree-level matching relations can be found in [9] . 4 4 Neutrino NSI in the LEFT and the SMEFT After discussing neutrino NSI and two EFTs of interest, the SMEFT and the LEFT, we proceed to establish a link between them. This will allow us to study neutrino NSI in the language of the SMEFT and the LEFT and, more importantly, to make use of the theoretical machinery developed for these two theories. In fact, as shown in Sec. 2, neutrino NSI are encoded by a set of coefficients of low-energy effective operators. Therefore, the link to the LEFT is quite straightforward. One can find a one-to-one relation between the NSI effective operators and the LEFT operators which, in turn, can be matched to the SMEFT operators valid at high energies. In Table 1 , we list all the NC NSI coefficients and their matching with the LEFT and SMEFT WCs. This table makes use of the definitions in Appendix A, which are taken from [9] . As explained in Sec. 3, the SMEFT WCs are assumed to be given in the fermion Up basis. The relevant unitary matrices involved in the transformation to this basis are not explictly indicated to simplify the notation. 5 Furthermore, we note that the SMEFT-LEFT matching relations in Table 1 include pure SM contributions. These must be removed in the final matching to the NSI coefficients to properly identify the non-standard pieces.
Armed with these matching relations and the RGEs of both EFTs we can bring the bounds coming from low (high) energy experiments to high (low) energies and translate them to the most convenient effective theory in each case. In particular, the main goal of our work is to use NC neutrino NSI to derive limits on the SMEFT WCs at high energies.
One could naively think that the best method to do this is to start at low energies, match the NSI coefficients to the LEFT WCs, run up to the EW scale, match the LEFT to the SMEFT and finally run up to the high-energy scale Λ UV , where the resulting limit is obtained. However, this method is inconsistent because it does not take into account that the LEFT is more general than the SMEFT. For instance, a low-energy scenario with a single NSI coefficient or, equivalently, with a single LEFT WC, might not be consistent with a high-energy SMEFT origin, since SU(2) L gauge invariance imposes relations between LEFT WCs after SMEFT-LEFT matching. For this reason, running up from low energies is not (in general) a consistent approach to achieve our goal. Instead, one must do the opposite: to consider a SMEFT parameter point at high energies, run down to the EW scale, match to the LEFT, continue running down to low energies, match to the NSI coefficients and compare the resulting values to the experimental bounds. This process can be repeated for different input SMEFT scenarios and high-energy scales, thus determining the region of the [9] . The SMEFT WCs are assumed to be given in the Up fermion basis, see Sec. 3 for details. The pure SM contributions are removed in the final matching to the NSI coefficients. We refer to Appendix A for notation and conventions.
SMEFT parameter space that is compatible with the low-energy NSI bounds.
We will now illustrate our procedure with an explicit example.
An example
To make more explicit the method used in our analysis, we will now follow step by step the full path that takes from the high-energy SMEFT to the NSI coefficients that play a role in neutrino experiments. Let us study a process of interest such as a hypothetical new interaction between electron neutrinos and left-handed electrons. First, we start at the high-energy scale Λ UV , where the SU(2) L symmetry is unbroken, and consider an interaction involving the first generation lepton doublet, e , induced by the exchange of an unknown heavy vector mediator, X, with m X ∼ Λ UV . At energies below m X , the tree-level exchange of the heavy X vector can be effectively described by a 4fermion interaction, with strengthg ·g , whereg is the coupling of X to a pair of lepton doublets, and suppressed by 1 Λ 2
UV
. In Figure 1 we can see a diagrammatic representation of this. There, we see that integrating out X leads to the generation of the 4-fermion SMEFT operator Q = ¯ p γ µ r ¯ s γ µ t , with Wilson coefficient C =g ·g and suppressed by 1/Λ 2 UV . We can now solve the SMEFT RGEs to obtain the SMEFT Lagrangian at the 
The next step is to match the SMEFT with the LEFT. As already discussed, from a single SMEFT operator one gets several LEFT operators. In this case, since we are interested in electron neutrino-electron interactions, we focus on O V,LL νe . We are then studying a 4-fermion diagram with two electron neutrinos and two left-handed electrons. An important feature to take into account is that this diagram is not only generated by the previously discussed dimension-6 SMEFT operator, but also from pure SM diagrams with W and Z bosons exchange, as we can see in Figure 2 . The tree-level matching relation between this LEFT operator and the SMEFT is given by 
where we sum over the flavor index r. Finally, we perform the matching between the LEFT and NSI operators. In this case, the relation between the coefficients is quite simple, as shown in Table 1 . For the example we are going through, the matching is given by . After this plain matching, we get a value for the NSI coefficient we are interested in at a certain energy scale, ready to be compared with the experimental bounds.
Numerical analysis
Having set our notation and described our strategy, we now proceed to show the results of our numerical analysis. In order to explore a substantial region of the huge SMEFT parameter space, we have considered a large number of SMEFT operators (with specific flavor indices) and applied the approach discussed in Sec. 4. This way, we have been able to map a region of interest in the SMEFT onto the NSI parameter space, where the experimental constraints previously derived in the literature can be directly applied.
A total of 112 initial non-zero SMEFT WCs have been selected. For each of them, and assuming only one at a time, we have considered 14 different values for the NP scale, Λ UV , in the [0. 5, 14] TeV range. This NP scale not only sets the starting point for the RGE running, but also the value of the SMEFT WC, taken to be precisely |C i | = 1 at µ = Λ UV . Then, as a result of the strategy explained in Sec. 4, 48 NSI coefficients are obtained at the low-energy scale Λ IR = 5 GeV for each scenario. This includes NC NSI with both chiralities. We finally compare these values with the current NSI experimental bounds and derive limits for the original SMEFT WCs at high energies.
Our numerical calculations have been obtained with the help of DsixTools [18, 19] . This Mathematica package has several tools and functionalities for the RGE running and matching in the SMEFT and the LEFT and is perfectly suited for our phenomenological exploration. In particular, we used version 2.0 [19] , which fully integrates the LEFT, and only added the matching between the LEFT and NSI operators. This approach allows one to explore the relation between neutrino NSI, the LEFT and the SMEFT in a systematic way. To the best of our knowledge, our work is the first to study such connection including full oneloop running effects. We use DsixTools to solve the LEFT RGEs numerically while the SMEFT RGEs are solved following a semi-analytical approach based on an evolution matrix formalism [42] . We take advantage of one of the main DsixTools functionalities: userfriendly input and output, which can be given in the DsixTools native format as well as using the WCxf exchange format [43] . All input parameters will be assumed to be specified in the Up basis. We have explicitly checked that the charged lepton Yukawa matrix remains in very good approximation diagonal after RGE running, at high and low energies. This allows for an easy identification of the neutrino flavor eigenstates, precisely defined by the basis in which the charged lepton Yukawas are diagonal. Furthermore, DsixTools transforms all SMEFT parameters to the Up basis before applying the matching relations of Ref. [9] .
In what concerns the experimental NSI limits used in our analysis, these come from various sources, including neutrino oscillation and scattering experiments. We have used the bounds compiled in [6] , where an extensive review of the NSI formalism and experimental limits is done. More precisely, the most relevant couplings for our analysis come from • the analysis of neutrino-nucleon scattering data [23, 44] ( qL eµ ). • the combined analysis of atmospheric and neutrino-nucleon scattering data [44] ( dV µµ ). • the analysis of the atmospheric neutrino signal in IceCube DeepCore [30] ( qV µτ ). • the combined analysis of solar and KamLAND reactor data [45] ( eL ee ). • the combined analysis of reactor and accelerator data [46, 47] ( eL µµ ). • the combination of oscillation and coherent neutrino-nucleus scattering data [48] ( uV ee ). • the analysis of atmospheric neutrino data [6, 49] ( qV τ τ ).
Neutrino NSI from the SMEFT at high energies
Before moving to the discussion of the limits on SMEFT WCs derived from neutrino NSI, it is illustrative to show some selected examples of the NSI coefficients generated by several SMEFT scenarios. We can visualize these results by plotting the values of the NSI coefficients obtained for a certain initial non-zero SMEFT WC at several scales along with the experimental bounds on the NSI coefficients. This way we can easily determine whether a specific SMEFT scenario is constrained or not due to neutrino NSI for a given Λ UV . A first example of this strategy is presented in Fig. 3 . This figure displays the values of the left chiral NC NSI coefficients arising from the SMEFT WC C . Three possible Λ UV values are considered, 0.5, 1 and 2 TeV. As expected, lower NP scales imply larger NSI coefficients. The current experimental limits on the different NSI coefficients are indicated with red lines, implying the exclusion of any SMEFT parameter point leading to NSI coefficients at low energies that fall outside of them. For instance, in this example we find that the bound on uL eµ excludes Λ UV 1 TeV. Also, this figure seems to indicate that only two NSI coefficients are generated at Λ IR . Actually, since we are including full one-loop running effects in our calculation, many NSI coefficients are non-vanishing at low energies. For this particular example, all µ − e flavor violating NSI coefficients are generated. However, most of them are too small to be visualized in Fig. 3 and only uL eµ and dL eµ , the two µ − e flavor violating NSI coefficients with first generation left-handed quarks, have sizable values. In fact, the sizable values obtained for these two NSI coefficients could have been predicted just by using the tree-level matching relation
given in Tab. 1. This approximate relation is reproduced in our numerical results. Moreover, other NSI coefficients would only be generated due to operator mixing effects. Since they have tiny values, we conclude that operator mixing effects are negligible in this scenario. One can also find SMEFT scenarios leading to NSI coefficients compatible with the current limits even for NP scales as low as Λ UV = 0.5 TeV. 6 This is the case when the input SMEFT WC involves only 2nd or 3rd generation quarks. Even though non-vanishing NSI coefficients with 1st generation quarks are obtained due to quark mixing effects in the RGEs, these are always tiny. Therefore, scenarios of this sort will not be considered in our subsequent analysis, since they cannot be effectively bounded by neutrino NSI. Similarly, there are scenarios leading to sizable NSI, but not large enough to be constrained. This is for instance illustrated in Fig. 4 , which shows the left chiral NC NSI coefficients arising from the input SMEFT WC C 3311 . The only non-negligible NSI coefficient in this case is eL τ τ . The joint analysis of solar neutrino experiments (mostly Super-Kamiokande) and KamLAND require −0.12 < eL τ τ < 0.06 at 90% C.L. Due to the asymmetry in these experimental limits, scenarios with C 3311 < 0 require Λ UV to be above ∼ 0.7 TeV, while the NP scale can be as low as 0.5 TeV when C 3311 > 0. Therefore, in this case, no relevant bound on Λ UV can be obtained. Finally, there are also scenarios for which the current experimental limits on the generated NSI coefficients turn out to be too weak. An example of this situation is shown in Fig. 5 , where we plot the NSI coefficients obtained from the initial SMEFT WC C
The largest NSI coefficients in this case are uL eτ and dL eτ , and these are only very weakly constrained.
In general, we have found that SMEFT scenarios with Λ UV > 3 TeV lead to tiny NSI coefficients at low energies, always in agreement with the current experimental bounds. For this reason, the rest of the analysis will concentrate on NP scales between 0.5 and 3 TeV. Moreover, the previous exploration allowed us to identify the SMEFT scenarios capable to generate sizable NSI coefficients, potentially resulting in relevant limits on the SMEFT WCs. Obtaining these limits is our next goal.
Limits on SMEFT Wilson coefficients from neutrino NSI
After our previous exploration, we have identified 18 SMEFT scenarios that give sizeable NSI coefficients for NP scales 1 TeV and performed again the procedure described in Sec. 4 for each of them. After evaluating the resulting NSI coefficients at low energies assuming |C i | = 1 at µ = Λ UV for different Λ UV values, one can easily interpolate to determine the value of the NP scale that corresponds to the experimental bound of the NSI coefficient, thus setting in this way a lower bound on the combination Λ UV / |C i | for that particular SMEFT WC.
The bounds obtained with this method range between ∼ 700 GeV and ∼ 2.1 TeV. We observe that the flavor violating operators involving the 2nd and 3rd lepton generations get the strongest bounds. This is because the most restrictive neutrino NSI experimental bound, compiled in Ref. [6] , is the NC NSI involving quarks and the muon and tau neutrinos. This bound, derived from IceCube DeepCore data [30] , sets the lower limit of Λ UV / |C i | for three different SMEFT WCs above ∼ 2 TeV. One can in principle find stronger bounds for the associated NSI coefficients in [50] . However, the range of neutrino energies used to derive these limits is mostly above the electroweak scale and therefore cannot be used in our analysis.
We compare the constraining power of neutrino NSI with that of other experimental signatures in the SMEFT. We consider two classes of WCs:
• Lepton Flavor Violating (LFV) coefficients: The lack of signals of charged lepton flavor violating (CLFV) processes is known to strongly constrain the parameter space of many NP scenarios. This is expected to hold also for the SMEFT. Here we consider the radiative decays µ → eγ, τ → eγ and τ → µγ, explored in detail in the context of the LEFT [41] . For each of the LFV scenarios considered in our phenomenological analysis we derive a limit on the SMEFT combination Λ UV / |C i |. This is achieved with the same method as for neutrino NSI: for several values of Λ UV , the RGEs are evaluated down to the electroweak scale, where the SMEFT and LEFT are matched at tree-level, and then we further run down to Λ IR , where we impose the current 90% C.L. bounds on the branching ratios of these processes [51] [52] [53] to determine bounds on the LEFT WCs. This indirectly translates into bounds on the SMEFT, in exactly the same way neutrino NSI experimental bounds do. This way we obtain limits for three LFV SMEFT WCs. As expected, the limits on the SMEFT WCs derived from µ − e flavor violating processes are much stronger than those from τ − µ or τ − e processes. Our results are presented in Figs. 6 and 7 and compiled in Tab. 2. As anticipated, the limits from CLFV decays are more stringent than those from neutrino NSI. In fact, in some cases, the NP scale is constrained to be above ∼ 15 TeV for O(1) WCs. Also, the bounds obtained from low-energy precision measurements (and extracted from [54, 55] ) are typically more constraining than those derived from neutrino NSI. We point out that the weakest limit obtained with neutrino NSI experiments is for the C d 2211 coefficient, restricted to Λ UV / |C d 2211 | > 690 GeV. Since 690 GeV is well above the electroweak scale, we consider the EFT approach justified. In any case, the bound from low-energy precision measurements [54, 55] is stronger, pushing Λ UV to almost the TeV scale and, therefore, the potential NP degrees of freedom contributing to C d 2211 would in principle be even heavier.
Finally, a comment on the relevance of RGE running is in order. Our previous analysis includes the full one-loop RGE running in the SMEFT and the LEFT implemented in DsixTools [18, 19] . It is therefore essential to assess the importance of the RGE running in our procedure. To do so, we have repeated the process described in Sec. 4 and computed the NSI coefficients resulting from the different SMEFT scenarios considered in our analysis, this time without RGE running. Comparing to our previous results one can evaluate the relevance of running effects. For Λ UV = 1 TeV, the relative difference in the resulting NSI coefficients lies between 5% and 10%. This difference grows, as expected, for higher NP scales. One can also determine the impact on the bounds on Λ UV / |C i |. For example, in the SMEFT scenario with a non-vanishing C , which goes from 1.99 TeV when RGE running is included to 1.89 TeV when it is absent. Therefore, although a numerical change can be noticed in some cases, the global picture would not be affected if running effects are neglected. Nevertheless, we emphasize that this conclusion holds for the scenarios considered in our exploratory analysis. One cannot discard more relevant running effects in other regions of the vast SMEFT parameter space.
Summary and discussion
Neutrino NSI constitute a powerful method to constrain NP at low energies. However, due to the absence of direct experimental evidence of their existence, the NP degrees of freedom might actually lie at very high energies, clearly above the electroweak scale. In this paper, we bridge the energy gap between the experiments setting limits on the neutrino NSI coefficients and the parameters of the SMEFT, an EFT valid at high energies. This connection allows for an easy application of our results to a very general class of NP models.
Our main results are shown in Figures 6 and 7 and compiled in Table 2 . We conclude that current NSI limits already push the NP scale above the TeV in most cases. We also find that limits from other experimental probes, in particular from low-energy measurements or lepton flavor violating searches, are stronger and require higher values for Λ UV . While the results obtained in our analysis lead to the same qualitative conclusions reached by previous works [10] [11] [12] , we emphasize the inclusion of full one-loop RGE running effects at low and high energies. This has allowed us to derive robust bounds on the SMEFT WCs and assess the numerical relevance of the running effects in the scenarios we have considered. There are several ways in which our analysis can be extended. It is well-known that dimension-8 operators may play a relevant role, see for instance [10] . One should also bear in mind that our analysis assumes one SMEFT WC at a time. In more general scenarios cancellations are in principle expected, potentially weakening the bounds. Finally, one can extend the SMEFT with additional fields. For instance, operators involving light sterile neutrinos, singlet under the SM gauge group, have been considered in several works [38, [56] [57] [58] [59] [60] . They allow for new scalar and tensorial neutrino four-fermion interactions at low energies [15, 16] , recently shown to offer new phenomenological possibilities of interest [17, 34] .
